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I. INTRODUCTION
Modern power systems are expected to become cleaner whilst remaining affordable and secure, with more non-fossil fuel based generation supported by power electronic converters. In the UK, the grid integration of low-carbon renewable energy resources is expected to rise dramatically in the near future. The installation of fairly new technologies to the UK power system such as series compensation and high-voltage direct-current (HVDC) systems has been necessary to transfer the additional renewable-based generation to consumers [1] . However, this has brought operability challenges which were not present before [1] - [3] . In addition, managing new assets (e.g. power flow control devices such as flexible ac transmission devices -FACTSand HVDC systems) has become an escalated task for grid owners and operators [4] . To this end, modeling tools and software platforms have been widely investigated to assess the overall system security and stability upon such a changing grid structure [1] - [3] , [5] .
Stability studies considering power converter devices typically rely on offline simulation tools, where fast acting switching dynamics and complex controllers may be implemented in detail. However, critical dynamics and measurement uncertainties may not be accurately incorporated by the models and this, in turn, may hide complex interactions present in real power systems [6] - [8] . To bridge this gap, real-time (RT) simulators have been devised to provide a high fidelity simulation environment. An RT simulator can be employed to test the performance of physical scaled-down power electronic based devices through hardware-in-the-loop (HiL) experiments [7] , [8] . RT-HiL is an attractive option for safe yet realistic power system studies as it combines the advantages of numerical simulation of complex system dynamics and laboratory testing of embedded systems under one platform [7] - [9] . Such a configuration can be employed to assess the suitability of simulation-based models and to validate the feasibility of innovative control schemes.
Substantial research using RT-HiL configurations for power system studies can be found in the open literature [9] - [22] . For instance, the testing and validation of control schemes and methodologies for FACTS and HVDC systems have been reported in [9] - [11] . Transient stability studies have also received significant attention. For example, [16] , [17] focus on subsynchronous oscillation studies and detailed shaft models of synchronous generators, HVDC systems and series-compensated ac lines. Provision of damping using power converters to enhance power system stability has been studied in [18] . Studies focusing on multi-terminal HVDC (MTDC) systems for frequency support and power flow control have been presented in [12] , [19] , [20] . However, sufficient detail on the RT-HiL platform and its components is normally omitted in the papers as the scope of the work is usually not the platform itself.
To this end, this paper presents an RT-HiL platform suitable for a wide range of hybrid ac/dc power system studies. Emphasis is made on the platform and its building elements. Two quite distinct case studies are presented to demonstrate the capabilities of the RT-HiL configuration: subsynchronous resonance (SSR) damping and fast frequency support provision. To carry out the studies, a reduced order representation of the Great Britain (GB) power system is modeled in an RT digital simulator (RTDS) and an analogue voltage source converter (VSC) based HVDC test-rig is connected to the RTDS through a power amplifier. A comparison of experimental results with those obtained from PSCAD software simulations is provided for completeness.
The experimental platform presented in this work is a flexible hybrid hardware-based emulator with embedded RT-HiL simulation that can be used for: 1) small and large disturbance studies; 2) testing and validating ancillary services provision; 3) grid synchronisation, power quality assessment, and power system protection. Although this is a scaled-down platform, its ratings are sufficient to represent the dynamics of a real power system, in a safe environment, and to test innovative devices and control systems ahead of commissioning. It is also scalable and it can be employed to emulate dangerous operating conditions such as SSR occurrence-without the risk of power system failure and danger to personnel.
II. MULTI-PLATFORM RT-HIL CONFIGURATION
A high-level schematic diagram of the RT-HiL configuration is shown in Fig. 1 . To understand its operation better, the individual units are first described. The individual physical components are depicted in Fig. 2 . The setup consists of three VSCs, one dSPACE control card, one dc network cabinet, three grid simulators (GSs) and two RTDS cubicles. 
A. VSC-HVDC Test-Rig
This consists of three two-level VSCs with a rated capacity of 2 kW each, an embedded computer (dSPACE), three transformers, and ac and dc inductors. The rated voltage of the VSCs is 140 V rms (line-to-line) ac and 250 V dc. VSC1 and VSC3 are powered by the main grid via two 400 / 140 V auto-transformers. VSC2 is powered via an isolation transformer and connected to a GS, which controls its voltage to 140 V (line-to-line). The dSPACE DS 1005 PPC board performs data acquisition, monitoring and control of each VSC. Digital and analogue signals are transmitted back and forth between the dSPACE and the RTDS through the interface board as shown in Fig. 2 (c). The control desk uses a Simulink interface. The specifications and parameters of the VSC-HVDC test-rig are provided in Table I .
B. DC Network Cabinet
This is shown in Fig. 2 (c). It contains the necessary components to form a dc network, including a scaled-down representation of dc cable circuits, a dc short circuit generator and an insulated-gate bipolar transistor (IGBT) controlled variable resistor. Different network topologies (dc link, radial or meshed MTDC grids) can be achieved through suitable connection of the dc cables by using additional resistors and dc inductors. The specifications and parameters of the dc network cabinet are provided in Table I .
C. AC Grid Simulators
The GSs, shown in Fig. 2(b) , serve as an interface between the RTDS and the VSC test-rig. GS1 is a four-quadrant power amplifier rated at 2 kVA and 270 V rms (line-to-ground). The amplifier absorbs power from VSC2 and injects it back to the mains supply. The GS receives a low voltage signal from the analogue output cards (GTAO) of the RTDS. With this, it produces a three-phase mains supply voltage of 140 V. This supply voltage is the input of the isolation transformer connected to VSC2 of the HVDC test-rig. Therefore, 140 V in the test-rig is equivalent to 400 kV in the RTDS. This is the forward path between the RTDS and VSC test-rig. Finally, a three-phase current measurement from the test-rig is fed back to the RTDS via its analogue input cards (GTAI). This closes the loop between the RTDS and the VSC test-rig.
D. Real-Time Digital Simulator
The RTDS, shown in Fig. 2(a) , is used for performing simulations in real time. The RSCAD software of the RTDS can be used to build complex power system models. The node voltage measurement in a prospective system is scaled-down and transformed to an analogue output signal via the GTAO cards of the RTDS. This analogue output signal is exported to the GS. The RTDS also receives analogue current measurements from the GS through the GTAI cards of the RTDS. This current measurement is scaled-up and is represented in the simulator as a current source connected to the same node. Fig. 3(a) shows the transformation process from the RTDS node voltage to the test-rig voltage. With the aid of a GS, the high voltage (400 kV) of the RTDS is scaled down and seen as a 140 V ac voltage at the VSC test-rig; i.e. a 400 kV/140 V transformation is achieved. Also, as shown in Fig. 3(b) , the current from the VSC is scaled-up and transmitted to the RTDS through the GTAI. A phase compensator is also implemented to remove the transmission delay of the VSC2 current. 
E. Signal Transition and Scaling in RT-HiL

A. System Configuration: GB Transmission Network
The three-machine reduced model of the GB transmission system is adopted in this paper as a test system to demonstrate the RT-HiL platform. The model is a simplified representation of GB network dividing the mainland grid into three major generation areas: Southern Scotland (SS), Northern Scotland (NS) and England and Wales (E&W), with respective ratings of 2800, 2400 and 21000 MVA. This has been implemented on the RTDS. Although the adopted system configuration is arguably a rather simplified version of a real power system, it provides sufficient information to study, understand and test power system stability phenomena. For additional information on the test system, the reader is referred to [17] , [18] , [23] .
B. Case 1: Analysis and Damping of SSR
National Grid (the GB system operator) has considered grid reinforcements in the form of series compensation to facilitate the transmission of additional wind power from Scotland to major load centres in the South without the need for construction of new onshore overhead transmission lines. However, the inclusion of series compensation can bring the risk of SSR-an instability condition with potentially disastrous consequences resulting from the interaction of electrical modes of series-compensated lines and nearby mechanical modes of turbo-generator shafts [23] .
To facilitate SSR studies, the transmission line connecting the NS generator has been upgraded with series compensation, as shown in Fig. 4(a) [17] , [23] , [24] . The NS generator has been modeled in detail as a multi-mass system that includes four turbine sections, an exciter, and the generator itself. The remaining two machines (SS and E&W) were modeled as single mass turbo-generators [23] . The VSC-HVDC link is connected between Buses 1 and 2 (see Fig. 4(a) ). The RT-HiL implementation of the GB system to perform SSR studies is shown in Fig. 4(b) .
Experiments were designed to assess the effect of a change in series compensation percentage (i.e. a small disturbance) on the RT operation of the system, with results shown in Fig. 5 . The experiment starts with the system in steady-state at 30% series compensation. This condition does not produce SSR. At t = 4 s the value of series compensation is modified to 40%. After such a disturbance, the system develops SSR and becomes unstable, evidenced by the growing oscillations in the system measured variables. Without proper countermeasures in place, the HVDC link operation could also be compromised.
The control flexibility of the VSC link can be exploited to provide SSR damping. To serve this purpose, an SSR damper (SSRD) is designed and embedded in the VSC station as an auxiliary controller to eliminate SSR upon occurrence. This is shown in Fig. 6 . The SSRD consists of a 2nd order band-pass filter. Its transfer function is expressed as:
where ω cn is the center frequency of the filter, ξ the damping factor and k MMD denotes the filter gain.
Experimental tests were repeated with the SSRD in place, with results shown also in Fig. 5 . It can be noticed that oscillations in the frequency of the transmission line and shaft torques converge to steady-state following a transient period once the SSRD is in operation.
For completeness, the experimental results are compared against simulation results obtained from PSCAD/EMTDC. These are shown in Fig. 7 . As it can be observed, experimental and simulation results show a good agreement and evidence a successful performance of the SSR damping scheme.
C. Case 2: Frequency Support from MTDC Grids
For this case study, the GB system model presented in the previous section is also employed. Fig. 8 shows a schematic of the test system configuration. The three-machine GB system is also modeled in the RTDS using RSCAD, as shown in Fig. 8(a) . The experiment considers a fast frequency support coordination between different onshore ac grids interconnected by an MTDC grid following a frequency event. An alternative coordinated control (ACC) support scheme is adopted [20] , [25] . The meshed MTDC grid is afforded by using the three-terminal VSC-HVDC test-rig, which is controlled via the dSPACE computer. The dSPACE and RTDS models are interconnected by GS1, forming the HiL setup (see Fig. 8(b) ). Relevant specifications and parameters for Case 2 are included in Table I . The control modes of the converters are shown in Table III .
As shown in Fig. 9 , the ACC scheme uses a V dc − P droop during normal operation and switches to a f − P droop during a disturbance [25] . This can be expressed as:
(2) where k vp is the dc voltage-active power droop gain and k fp is the frequency-power droop gain. After the disturbance event is over, the system returns to the original V dc − P droop when (f on,0 − f on ) < Δf db . A sample-and-hold block is used during the switching process to hold the active power pre-disturbance value. A frequency event resulting from a loss of 1320 MW of generation is simulated in the three-machine model (see Fig. 8(a) ). Fig. 10 shows experimental results when the ACC scheme is fitted only in VSC2. In response to the supplementary f −P droop, VSCs 1 and 3 provide extra power to VSC2. There is a frequency deviation of about 0.43 Hz, and about 0.5 p.u. extra power is delivered to VSC2. The frequency of the other two grids drops to 49.91 Hz.
For completeness, a comparison between the experimental results with those obtained with PSCAD simulations is made (see Fig. 11 ). However, as the two systems have different bases, results are obtained in per unit (base values are provided in Table I ). In this case, the ACC scheme has been fitted to all converters. As it can be observed, a dc voltage deviation occurs due to the operation of the f − P droops. This characteristic is a result from VSC2 and VSC3 entering their frequency sensitive modes around t = 3.5 s-as seen in the yellow and blue trace of Fig. 11(c) . In the simulation, this causes VSC1 to reduce its power export to VSC2, and VSC3 increases its output to compensate for the power reduction from VSC1. This behavior is also present in the experimental results. The power being supplied to VSC2 in both experimental and simulation results shows a good agreement. A power increase of about 0.65 p.u. flows from VSC2 to the ac grid in both cases, as shown in Fig. 11(b) . Also, the frequency deviation in ac grid 2 coincides in both sets of results, with a Δf 2 of 0.43 Hz. As it can be observed, sudden undesirable changes in power and dc voltage are exhibited when the supplementary frequency controller is fitted in all converters-even when frequency support is achieved.
IV. CONCLUSION
An RT-HiL experimental platform has been presented in this paper. The platform considers an RTDS connected to a VSC-HVDC test-rig through a power amplifier. A dc network is available, enabling the possibility to perform studies involving dc grids. The capabilities of the developed configuration to perform power system studies were demonstrated through two quite distinct examples. These include the analysis and damping of SSR using an auxiliary control loop of a VSC terminal and the provision of fast frequency support from MTDC grids following a frequency event. The results obtained from the experimental platform show a good agreement with those obtained from computer simulations performed in PSCAD/EMTDC-providing credibility to both the simulation models and the hardware configuration.
The case studies presented in this paper show the flexibility of the RT-HiL configuration, as both small and large disturbances have been considered and provision of ancillary services has been assessed. Given its scalability, it is possible to increase the processing capabilities by including additional RTDS cards and to widen the scope of system studies by including additional hardware; e.g. incorporating wind and solar emulators and energy storage. Future work could consider expanding on aspects related to dc grid control and their implementation and verification in the RT-HiL platform.
